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Recombinant ‘“N-, W-labeled human granulocyte colony-stimulating fnctor (rh-mctG-CSF) has been studied by 2D and 3D NMR using uniformly 
labeld protein as well as residue-specific ‘Wlabcled samples. Assignment of the ‘H, “N backbone, and 60% ‘L-1 sidechain resonances has enabled 
the determination of the secondary structure of the protein. The secondary structure is dominated by o-helical regions with four stretches of helices 
between residues 1141,71-95, 102-124 and 144-170. 
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1. INTRODUCTION 
Human granulocyte colony-stimulating factor (h-G- 
CSF), a 174.residue glycoprotein (MW = 19 kDa, pI = 
6-l), is one of the hernatopoietic growth factors that 
play a major role in the process of blood formation [ 11. 
The protein is produced in monocytes and fibroblasts. 
It serves three purposes: it causes the proliferation of 
hcmatopoietic precursor cells, induces the differentia- 
tion of the precursor cells into mature neutrophilic 
ganulocytes, and activates neutrophilic granulocytes. 
The sugar chain, linked to Thr-133J0, is not required 
for biological activity [2,3]. Circular dichroism measure- 
ments showed that h-G-CSF is largely a-helical with 
little or no p-structure [4]. Here we describe the second- 
ary structure of rh-m&G-CSF, a recombinant h-G-CSF 
which differs from the native protein at the N-terminal 
residue (methionine). Sequential assignment with con- 
ventional 2D NMR techniques [S] could not be carried 
out due to severe overlap of resonances in the 2D spec- 
tra for a protein of this size. The small variation of the 
chemical shifts of the a- and NH-protons, a conse- 
quence of the predominantly cc-helical structure, further 
complicated the assignment. The sequential assignment 
of the backbone proton and nitrogen resonances was 
accomplished with heteronuclear 2D and 3D spectra for 
both the uniformly 15N-labeled and the residue specific 
“N-labeled samples, mostly from the ?D NOESY- 
HMQC spectra [6-S]. The equivalent TOCSY spectra 
provided only limited information as most of the ex- 
pected signals were weak or missing due to short proton 
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T1-relaxation times for rh-metG-CSF. The linewidths of 
the proton resonances were typically 30 &, slightly but 
noticeably larger than the expected linewidths for a pro- 
tein of this size. We also recorded the MNCA triple 
resonance xperiment [9] for a uniformly ‘SN-,‘3C-la- 
beled sample. This experiment enabled identification of 
residues not located in a-helices. 
2. MATERIALS AND METHODS 
The rh-metG-CSF was expressed in the cytoplasm of E. co/i ps 
insoluble inclusion bodies. The correctly folded protein was extracted 
from the inclusion bodies by rcnaruration of the unfolded protein in 
a 0.8 M argininc buffer after solubilization of the inclusion bodies in 
6 M guanidinium chloride [lO,ll]. The tinal step of the preparation 
involved conventional column chromatography. 
For the uniformly “N-labeled sample, rh-metG-CSF WPS expressed 
in the E. coli stmin TG I in a minimal medium [12]. The medium was 
slightly modified by substituting (NHJ2HPOo for [‘“NJammonium 
chloride (at a concentration of 1 s/l) as the sole source of nitrogcn.Thc 
purified protein was dialyzed against sodium phosphate (4 mM, pH 
4.0) and lyophilired. The samples were typically !-2 mM in protein 
nnd TO-60 mM in sodium phosphate, after addition of 0.5 ml H,O/ 
D,O (9:l) or 0.5 ml D20 LO the lyophilized powder, and after adjust- 
ment of the pH to 3.5. This low pH value was necessnry due tC the 
low solutility of rh-mctG-CSF nt higher pH ~alucs. For the residue 
specific 15N labeling, the E. cali slrain C600+ was uxd in a minimal 
medium enriched with all 20 amino acids [l3]. The ‘5N-labeled amino 
acid was uddd at concentrations between 0.25 and I.0 g/l, half of 
which was added to the medium at the beginning of fermcnlalion, the 
other half on induction. The rh-mctG-CSF was labeled with 
[‘!N]glycine, [15N’jlcuci.?e, [‘WJvdine. [15Nl;ilanine and [“Njlysine. 
CrossJabeling of srrine was achicvd by a deliberate omission of 
serine from the amino acid-enriched medium during labeling with 
[I WJglycine. The uniformly Is 1 h- ,13C-lnbcled sample wu exprcsxd in 
a minimal medium containing I gfl [“C&luc.ose as the sole carbon 
source fl2]. A!I labeled preparations were uuritied by the procedure 
outlined nbovc. Table 1 summarizes the various labeled samples PI-C- 
pared and the cross labeling observed [14]. 
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The NMR spectra were recorded on a Druker AMX600 spcctrom- 
cter operating at 600.14 MHz for protons. For all experiments the 
temperature was set to 27OC. Specie were acquired and processed in 
the phosc scnsWe mode using time proportional phase incremcnta- 
tion (TPPI) [ 151 in all dimensions. Suppression of the water signal was 
achieved by presuturation or jump-return pulses [WI-IS]. The mixing 
time employed for the 3D NOESY-HMQC [G] was set to 120 ms; the 
MLEV-17 mixing sequence used for the 3D TOCSY-HMQC [G] spcc- 
tra was set to 40 ms and 70 ms. 2D spe~lra were processed with 
UXNMR; the 3D spectra were processed with our in-house software 
(CC-NMR). 
3. RESULTS AND DISCUSSION 
The predicted a-helical structure for G-CSF has been 
confirmed by 2D NOESY spectrum. There are about 
200 NH-NH cross peaks (on both sides of the diagonal) 
in the spectrum. The NH-NH connectivities are charac- 
teristic of the a-helical structure [5,19]. Further indica- 
tion of the helical structure is provided by chemical shift 
ranges of a-protons (Fig. 1). From the total of 176 C”H 
resonances that are expected to be present in the spec- 
trum, only five appeared below 4.? ppm (the chemical 
shift of water). This upheld shift of 0.2-0.6 ppm relative 
to random coil values is characteristic of helical struc- 
Table 1 
15N labeling of th-metG-CSF by amino acid type 
13N-lnbelcd amino acid in the medium Cross-labeling obstirvcd 
[lSN]Ala 
[“N]Gly” 
[“N]Gly” 
[‘sN]Lcu 
[‘5N]Vnl [c~-‘~N]Lys , 
Six 
Ser 
- 
Ala 
“[“N]Ser added to the medium; low level of cross-labeling. 
“[‘“N]Scr omitted Tram the mcdiurn; deliberate high level of cross- 
labeling. 
Lures [20]. In the ‘H-15N 3D NOESY-HMQC spectra 
the 2D overlap was mostly resolved, although some 
degree of overlap still remained. Fig. 2 shows the 2D 
NOESY projection of the 3D NOESY-HMQC spec- 
trum. In the 3D TOCSY-HMQC spectrum, the only 
visible magnetization transfers were from the NH- to 
the a-protons. The 3D TOCSY-HMQC with a mixing 
time of 70 ms showed more cross peaks than the same 
experiment using 40 ms, and also few peaks from rhe 
Fio I. The TLNOESY nrnicclian of the 600 MHz BD NOESY-MMOC soectrum of 1’sNlrh-metG-CSF. 
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Fig. 2Strips from the 3D NOISY-HMQC spectrum of [“Nlrh-metG-CSF showing resonances of rcsidlles L103-Q119 belonging to an a-helix. 
The slripa 8-11 Points (50-66 Hz) wide, arc taken from the 3D NOESY-HMQC at the 15N- and ‘“NH-chemical shift of the residue of interest. 
Rectangles mark intraresiduol peaks identified from the 3D TOCSY-HMQC. Solid lines indicate sequential NbI(i)-NH(i-1). NH(i)-CH(i-1). 
NH(iWWi-I) and NHWC7(i- 11 conneclivilies. Dashcd lines arc drawn when the peaks from residue (i-l)could not bc identi~cdasint~residu;ll 
in the 3D TOCSY-IiMQC. 
NHs top-protons. Altogether 105 signals could be iden- 
tified as intraresidual a-protons, while only 35 /? and y 
resonances were seen. Therefore the majority of the spin 
systems were identified with residue specific 15N label- 
ing. 
The sequential assignment was started with the NH- 
NH connectivities. Most of the residues howed strong 
NH(i)-NH(i-1) and NM(i)-NH(i+l) cross peaks. The 
directionality of the sequence could often be determined 
by a CPM(i)-NH(i+l) cross peak between the residues 
involved in the NM(i)-NH(i+l) connectivity. Also, 
C?H-NH(i+-1) peaks could sometimes be identified and 
served as further proof for the sequential assignment. 
The CUM-NH@-3) cross peaks were identified in 90% 
of residues that are in the helical conformation. By this 
procedure, protein segments varying in length from 
three to nine residues were found. All these segments 
contained the residue specific “N-labeled amino acids. 
Fig. 2 shows an example of the sequential assignment 
in the 3D NOESY-HMQC spectrum for residues Leu- 
lC;3 to Gln-119. In Fig. 3, a schematic representation of 
the sequential and medium-range NOES is displayed. It 
is clear from the pattern of short- and medium-range 
NOES that the secondary structure OF rh-mctG-CSF in 
solution is dominated by four helices. The precise defi- 
nition of the start and the end of helices depends upon 
criteria used and has to await detailed structure calcula- 
tions. Taking into account that the length of a helix may 
vary by one or two residues, the four helices are defined 
as follows: 1141, 71-95, 102-124 and 144-170. 
Turns, which are also characterized by NH-NH 
NOES, can be distinguished from helices by the chemi- 
cal shift of the a-protons and by characteristic CW(i)- 
NHG) connectivitics [19]. The chemical shifts of a-pro- 
tons in turns are similar to random coil values, while in 
helices an upfield shift is observed. The NH-NH, 
C’H(i)-NHtj) connectivities, and characteristic random 
coil chemical shifts are observed for residues 66-70, 
129-131, 133-137 and 139-143. Hence these residues 
are likely to be in turns rather than in other non-heiicai 
structures. In the 1SNM-13C-planes of the 3D triple res- 
onance HNCA experiment [9] two signals are expected 
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Fig. 3. Summary of the short-range NOES. ‘The intensiries of the NOES are rcflcctcd in the thickness of the bars (except for the d&+2,3) 
connectivities). The CYH(i)-CW(i-l)(Pro) NOE is shown along the same line as the C’H(i)-Nl-l(i+I) connectivitics. Filled bars indicate the data 
that could be scmiquantilkd, open bars indicate the data that could not bc semiquantified ue to spectral overlap. Circles indicate residues that 
show slow NH-exchange and were therefore still seen in the spectra in D*O ahcr 2 days. In cz1sc5 where two residues hove both identical “NH- 
and 15N-chemical shift circles arc !eft open. The bottom row shows an index that is a measure of the CPM-shift relntivc to random coil values, + 
and - indicating a shin to higher and lower ppm values, nspectivcly. The 0 is given where no or only a small shift was observed. 
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for a residue in a non-helical conformation: the intrare- 
sidual connectivity NH(i)-c(i) and the interresidual 
connectivity NH(i)-C?(i-1). Due to the larger heteronu- 
clear one-bond coupling constant (‘JcN = 11 Hz) the 
intensity of the former signal is expected to be stronger 
than that of the latter CIJCN = 7 Hz). This was indeed 
observed for residues in fragments 3-4 and 6-9. The 
same pattern was also observed for residues 6&69,129- 
130,133-137 and 139-143 which were already identified 
as being in turns from the 3D NOESY-HMQC data. In 
contrast to the predicted coupling patterns of the non- 
helical amino acids, residues located in helices should 
exhibit no or only a weak intraresidual NH(i)-C?H(i) 
peak. This is due to the decreased coupling constants 
‘JCN and ‘JCN which results in a decreased magnetiza- 
tion transfer from the amide proton to the alpha car- 
bons. Indeed, only few NH(i)-C”H(i) pea& were ob- 
served for the helical residues in G-CSF. 
In this paper we have described the secondary struc- 
ture oi rh-metG-CSF. The highlight of the G-CSF 
structure is the presence of four helices between residues 
1 l-41,71-95, 102-!24 and 144-170. Turns are located 
at residues 66-70, 129-i31, 133-i37 and 139-143. Cal- 
culations of the 3D structure will give a more detailed 
picture of the 3D solution structure of rh-metG-CSF. 
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